When we walk in a challenging environment, we use visual information to modify our gait and place our feet carefully on the ground. Here, we explored how central common drive to ankle muscles changes in relation to visually guided foot placement. Sixteen healthy adults aged 23 AE 5 years participated in the study. Electromyography (EMG) from the Soleus (Sol), medial Gastrocnemius (MG), and the distal and proximal ends of the Tibialis anterior (TA) muscles and electroencephalography (EEG) from Cz were recorded while subjects walked on a motorized treadmill. A visually guided walking task, where subjects received visual feedback of their foot placement on a screen in realtime and were required to place their feet within narrow preset target areas, was compared to normal walking. There was a significant increase in the central common drive estimated by TA-TA and Sol-MG EMG-EMG coherence in beta and gamma frequencies during the visually guided walking compared to normal walking. EEG-TA EMG coherence also increased, but the group average did not reach statistical significance. The results indicate that the corticospinal tract is involved in modifying gait when visually guided placement of the foot is required. These findings are important for our basic understanding of the central control of human bipedal gait and for the design of rehabilitation interventions for gait function following central motor lesions.
Introduction
When we walk in a challenging environment, we rely on visual information to navigate and circumvent obstacles in the environment (Drew 1991; Vickers 1997, 2003; Gerin-Lajoie et al. 2005 , 2008 McFadyen et al. 2007; Marigold 2008; Drew and Marigold 2015; Maeda et al. 2017) . Visually guided gait adjustments are made in anticipation of an encounter with an obstacle in our path (Marigold 2008; Matthis and Fajen 2014) . For example, we may alter step length to ensure that our supporting foot is optimally placed to help the other foot over the obstacle (Mohagheghi et al. 2004; Drew et al. 2008; Drew and Marigold 2015) . Ongoing visual information from the environment also influences the rhythmicity of our gait as shown by a significant effect of changes in optic flow on step frequency in subjects walking on a self-driven treadmill (Prokop et al. 1997; Lamontagne et al. 2007) .
Experiments in the cat have demonstrated that the motor cortex plays an important role in visually guided gait modifications (Drew and Marigold 2015) . Corticospinal neurons directly contribute to the control of paw placement during walking on a horizontal ladder where the cat has to place its paw carefully on the rungs of the ladder (Drew et al. 1996) . Corticospinal neurons in the cat are also involved in controlling the lift of the paw over an obstacle during visually guided treadmill walking (Drew et al. 1996) , by modifying the phase and magnitude of synergistic muscles (Krouchev and Drew 2013) . Posterior parietal areas play a key role in integrating the visual and sensory information, which is used by the motor cortex to control appropriate paw placement and paw lift (Drew et al. 2008; Drew and Marigold 2015) .
In humans, experimental demonstration of how the motor cortex contributes to visually guided locomotion is limited to one study that used transcranial magnetic stimulation (TMS) to probe corticospinal excitability during precision walking. Schubert et al. (1999) demonstrated that TMS-evoked responses in the TA muscle were facilitated when subjects were asked to place their feet on visual targets on a treadmill. This may indicate that the human motor cortex plays an important role in the control of foot placement as in the cat.
Synchronization of electromyography (EMG) activity recordings during voluntary muscle contractions is thought to reflect corticospinal input to a given set of muscles (Farmer et al. 1993) . In walking, intramuscular coherence between a pair of EMG signals from the same leg muscle (e.g., proximal and distal TA) has been found in the beta and gamma frequency bands (Halliday et al. 2003; Petersen et al. 2010) . Intermuscular coherence between different leg muscles also contains both beta and gamma frequency bands during walking (Halliday et al. 2003; Norton and Gorassini 2006) . Evidence to support that EMG-EMG coherence are at least in part modulated by the motor cortex via the corticospinal tract can be derived from studies of injuries in the central nervous system where coherence in the beta and gamma frequency bands are absent or markedly reduced in patients with stroke and spinal cord injury (Hansen et al. 2005; Nielsen et al. 2008; Barthelemy et al. 2010) . In addition, EMG-EMG coherence for both the upper and lower extremities increase with maturation of the corticospinal tract (Farmer et al. 2007; Petersen et al. 2010) . Furthermore, during walking the corticomuscular coherence between electroencephalography (EEG) signals and the TA EMG has been shown to be localized roughly over the leg motor cortex, with maximal coupling at or near the electrode Cz (Petersen et al. 2012 ). This corticomuscular EEG-EMG coherence is significant in the 24-40 Hz frequency band during walking (Petersen et al. 2012) . It is not yet clear how EMG-EMG and EEG-EMG coherence would change when subjects make visually guided adjustments during walking. An increase in coherence will be indicative of additional common cortical input needed to guide precise foot placement.
The presence of EMG-EMG and EEG-EMG coherence during gait allows us to examine the functional role of the motor cortex and corticospinal tract, by comparing coherence during walking with and without visual feedback. We aimed in this study to investigate changes in intra-, intermuscular, and corticomuscular coherence in ankle muscles related to visually guided foot placement during treadmill locomotion. Intra-and intermuscular coherence in the beta and gamma bands during treadmill locomotion have been shown in all likelihood to reflect corticospinal input to the muscles (Halliday et al. 2003; Hansen et al. 2005; Nielsen et al. 2005; Barthelemy et al. 2010) . Thus, by calculating the EMG-EMG and EEG-EMG coherence it is possible to investigate the central common drive to the motoneurones without perturbing the system and with no discomfort for the subjects. We hypothesized that coherence would be larger when subjects were asked to visually control the placement of their feet on the treadmill as compared to normal treadmill walking without requirement of accurate foot placement.
Methods

Ethical approval
Sixteen healthy adult subjects (10 female/6 male, range 18-35, mean 23 AE 5 years) gave their written, informed consent to participate in the study. The study was approved by the ethics committee for the Capital Region of Denmark (Approval No. H-16021214) and was performed in accordance with the Declaration of Helsinki.
Motion capture
A total of 14 reflective markers (size 12 mm diameter) were placed bilaterally on the lateral side of the fifth metatarsal, the heel, the lateral malleolus, the lateral articular line of the knee, the greater trochanter, the anterior superior iliac spine, and the acromion. 3-D marker data were collected with a six-camera ProReflex motion capture system (Qualisys, Gothenburg, Sweden) at 100 Hz. The markers were identified using the AIM module in the Qualisys Track Manager (QTM) software.
Experimental setup & visual feedback
Subjects performed two 5-min walking tasks at the same predetermined treadmill speed: 1) normal walking and 2) visually guided walking.
During normal walking, subjects walked with open eyes and were asked to look straight ahead at an X on the wall in front of them, but received no information of foot placement. During visually guided walking, subjects received visual feedback of their foot placement on a screen in real-time and were required to adjust their step length to hit virtual visual targets. Stepping targets and foot position were projected on a screen in front of the treadmill. The projector (TDP-T 355; Toshiba, Tokyo, Japan) was mounted on the ceiling 148 cm from the screen, which gave a screen size of 125 cm by 167 cm. The target locations were manipulated step by step with real-time visual feedback of each step. A custom-made computer program controlled the position of the targets, while the QTM real-time server provided the position of the foot (i.e., fifth metatarsal marker) during the walking task.
The position of the foot of the swing leg was displayed as an 8 cm diameter blue circle. And the targets were shown for each step as 16 9 16 cm open red squares on the screen (Fig. 1A) . The required step length was visually represented on every step by the vertical distance between two targets on the left and right side, respectively. Subjects were instructed to step on the targets as accurately as possible. A successful hit was one where the center of the foot (circle) lay within 6 cm of the center of the target (square) after heel-strike. The score (# hits) was calculated and displayed live on the screen. The final hit rate (in %) was calculated as the number of successful hits divided by the total number of steps in the 5 min session.
The step length and treadmill speed were normalized to each subject's leg length. The step length was defined as 2/3 of the leg length measured from the left greater trochanter to the left lateral malleolus. The treadmill speed was then determined by multiplying the subject's step length with 3.9 in order to match the cadence of 80 steps per minute between subjects (see Choi et al. (2016) ). Prior to the visually guided walking, subjects were carefully introduced to the task. They were asked to walk normally and to only adjust their step length in order to hit the virtual targets. All experiments were closely supervised by the test leaders.
Data collection
After careful preparation of the skin (shaving and abrasion), pairs of surface EMG electrodes (Ambu Blue sensor NF-00-A/12, Ambu A/S Ballerup. Recording area 0.5 cm 2 , interelectrode distance 2 cm) were placed on the left distal and proximal ends of the TA, Soleus (Sol), and medial Gastrocnemius (MG) muscles. EEG activity was recorded through a pair of bipolar silver electrodes placed at the vertex (Cz) and 5 cm frontal to Cz. The ground electrode was placed on the left elbow.
EMG (amplified x1000, Zerowire, Aurion, Italy) and EEG signals (amplified x10000, custom-built amplifiers) were sampled at 2000 Hz (Micro 1401 and Spike 2, Cambridge Electronic Design, UK) and stored on a computer for later offline analysis. A footswitch sensor (Zerowire) was placed under the left heel to record the time of heel strike (Fig. 1B-F) .
Coherence analyses
The time and frequency domain analysis was performed on EEG and surface EMG signals to investigate corticomuscular (Cz-TA and Cz-Sol), intramuscular (TA-TA), and intermuscular coherence (Sol-MG). Neurospec 2.0 software was used for all coherence analysis.
The EMG signals were rectified to maximize the information on the timing of the action potentials of individual motor units while suppressing information on the shape of the action potential waveform (Halliday and Farmer 2010) . EEG signals and rectified EMG signals were normalized to have unit variance (Halliday and Rosenberg 2000) . Normalized EEG and rectified and normalized EMG signals are assumed to be realizations of stationary zero mean time series denoted by x and y. To estimate the average autospectra ƒ xx (k) and ƒ yy (k) and cross spectra ƒ xy (k) discrete Fourier transform was applied to the signals. Frequency domain analysis of correlation between EEG-EMG and EMG-EMG was then made. Coherence estimates are bounded measures of association defined over the range of [0, 1]; cumulant density estimates are not bounded, and phase is defined over the range [Àp, +p] . For the present data, coherence estimates quantify the strength and range of frequencies of common rhythmic synaptic inputs distributed across the motoneuron pool. The cumulant density function provides an unbounded time-domain representation of the correlation structure analogous to the cross correlogram.
The step cycles were identified using the footswitch sensor and the windows for analysis of coherence were based on visual inspection of the EMG activity in relation to heel strike. A 700-ms window from 100 to 800 ms after the heel strike was used for the stance phase/push off (Cz-Sol and Sol-MG coherence), and a 600-ms window from À650 to À50 ms before heel strike was used for the swing phase/foot clearance (Cz-TA and TA-TA coherence). Thus, the coherence analysis was based on averaging data segments with the same relative timing to the footswitch. Time frequency estimates were made using a sliding data segment of 500 ms with a variable offset from each heel strike with increments of 10 ms, which provided a resolution of 4 Hz in the spectral estimates. Heat maps were constructed for the interaction between EEG-EMG and EMG-EMG. In the heat maps, the x-axis refer to the time from the offset to the start of each data segment in respect to heel strike.
Statistics
Based on the assumption of statistical independence significance is set by an inclusion of an upper 95% confidence limit for the coherence plots and an upper and lower 95% confidence limits in the cumulant density plots (Halliday et al. 1995) . This provides a measurement of the common input to the two pools of motoneurons and thus is a noninvasive way of analyzing changes in the direct drive from the motor cortex to the working muscles.
The final analysis was made on the pooled data from the EEG and the surface EMG from the two muscles (Halliday and Rosenberg 2000) . Changes in the correlation structure between two different tasks can be ascertained by undertaking a chi 2 extended difference of coherence test on the tasks to be compared. The resulting chi 2 difference test thus provides a metric of amount of pooled coherence difference at each frequency between the two tasks (Farmer et al. 2007) . The difference in coherence between normal and visually guided walking was evaluated using a chi 2 extended difference test (Amjad et al. 1997) .
The amount of coherence was in addition quantified by calculating the logarithmic value of the cumulative sum (i.e., area) within three frequency bands: alpha: 5-15 Hz, beta: 15-35 Hz and gamma: 35-60 Hz. A paired t-test was then used to investigate possible differences between normal and visually guided walking in these frequency bands. To investigate possible correlations between hit rate during visually guided walking and the amount of coherence in the alpha, beta and gamma frequency bands, respectively, we used Pearson product moment correlations. Statistical significance was given for P-values smaller than 0.05. Data are presented as means AE standard deviation (SD) unless reported otherwise.
Results
In both walking tasks, subjects walked at a treadmill speed of 2.2 AE 0.1 km/h with a step length of 0.56 AE 0.04 m. The step frequency was similar in normal (80 AE 11 steps/min) and visually guided walking (79 AE 6 steps/min) and not significantly different (P > 0.3). During visually guided walking, subjects hit the target 327 AE 33 out of 410 AE 17 steps corresponding to a hit rate of 82 AE 6%.
Time-frequency analysis of coherence over the gait cycle Figure 2 shows the time-frequency coherence analysis between TA-TA and Cz-TA from a single subject. For TA-TA, some beta coherence at 15-20 Hz was seen during normal walking from around À550 to À50 ms prior to heel strike (Fig. 2B ), but during visually guided walking this was much clearer and low gamma coherence could also be observed (Fig. 2D) . For Cz-TA, only low-frequency alpha coherence was evident during normal walking ( Fig. 2A) , but clear beta and low gamma coherence could also be observed during visually guided walking (Fig. 2C) .
Pooled coherence estimates Figure 3 shows the pooled TA-TA coherence during normal ( Fig. 3A-D) and visually guided walking ( Fig. 3E-H) . While subjects had significant TA-TA coherence during normal walking (Fig. 3C) , there was significantly more TA-TA coherence in both the beta and gamma frequency bands during visually guided walking ( Fig. 3G and I ).
Cumulant densities constructed from the rectified EMG data are shown in Fig. 3D and H for normal and visually guided walking. Note that the central peak around 0 ms, indicating synchronization between the two rectified EMGs, is narrower during the visually guided walking.
A similar pattern with significantly larger peaks around 15-20 Hz and around 35-40 Hz during visually guided walking was found for the Sol-MG coherence. The central peak around 0 ms was also narrower during the visually guided walking indicating a more synchronized input to MG and Sol motor units during this task (data not shown).
Quantification of EMG-EMG and EEG-EMG coherence
Figures 4 and 5 shows the amount of EMG-EMG and EEG-EMG coherence during normal and visually guided walking for each subject. There was a statistically significant increase in both TA-TA (Fig. 4B-C) and Sol-MG (Fig. 5B-C ) coherence in the beta and gamma frequency bands (all P < 0.01), but no difference in the alpha band (P > 0.1; Fig. 4A and 5A ). There was no statistically significant change in EEG-EMG coherence in any frequency band for any of the muscles (P > 0.2; Fig. 4D-F and Fig. 5D-F) .
TA EMG often shows two clear peaks during a gait cycle; in the early and late part of the swing phase. To for offset values between À700 and À50 ms (see red circles in C and D). The very high and significant coherence observed at frequencies below 10 Hz is assumed to be produced, in part, by the common envelope of the EMG activity during swing (Halliday et al. 2003) . EMG, electromyography; TA, Tibialis anterior. investigate if the increased beta and gamma coherence observed during visually guided walking was linked specifically to one of these peaks, we analyzed the amount of TA-TA coherence in the early (À650 to À350 ms) and late (À350 to À50 ms) part of the swing phase separately for the two walking tasks. However, as shown in Figure 6 , TA-TA coherence was increased in both early (P < 0.01) and late (P < 0.01) swing to a similar extent. There was no significant correlation between the hit rate of the individual subjects during visual-guided walking and the amount of either intramuscular, intermuscular, or corticomuscular coherence in any of the three frequency bands. However, the correlation coefficient for the relation between corticomuscular coherence in the beta band and the hit rate approached significance (r = 0.45, P = 0.09).
Discussion
We have demonstrated in this study that intramuscular, intermuscular, and corticomuscular coherence measured from ankle dorsiflexors and plantar flexors increase during treadmill walking when subjects use visual information to step on targets. This is in line with animal studies showing increased corticospinal activity during visually guided walking and suggests that the motor cortex is involved in steering foot placement with the help of visual information during gait. Intra-and intermuscular coherence was pronounced in both the alpha, beta, and gamma frequency bands for both dorsiflexors in the swing phase and plantar flexors in the stance phase during ordinary treadmill walking similar to what has been reported previously (Halliday et al. 2003; Norton and Gorassini 2006) . Coherence increased significantly in the beta and gamma bands in relation to visually guided walking without any changes in the alpha band. Previous findings have suggested that intra-and intermuscular coherence in the beta and gamma bands during walking is related to corticospinal activity, since coherence at similar frequencies are 1) observed for paired EEG and EMG recordings (Petersen et al. 2012; Storzer et al. 2016; Winslow et al. 2016) , 2) greatly reduced following lesion of the corticospinal tract (Hansen et al. 2005; Nielsen et al. 2008; Barthelemy et al. 2010; Petersen et al. 2013 ) and 3) increased in relation to maturation of the corticospinal tract (Farmer et al. 2007; James et al. 2008; Petersen et al. 2010) . In line with this, corticomuscular coherence in the beta and gamma frequency bands also increased during visually guided walking although it did not reach statistical significance. One reason for this may be that we failed to determine any significant corticomuscular coherence in the majority of subjects. In those subjects in whom significant corticomuscular coherence was observed during normal treadmill walking, we did observe clear and significant increases in coherence during visually guided walking. Our failure to determine significant corticomuscular coherence during normal walking may be related to selection of subjects given the large variability in corticomuscular coherence between subjects or that we only recorded EEG from a single electrode placed over Cz. It is therefore possible that Page 7 we did not record from the most optimal position in all subjects.
Although it seems most likely that the observed increase in coherence in the beta and gamma bands is related to corticospinal activity, other possibilities should also be taken into account. We certainly cannot exclude that oscillations in other descending pathways, local spinal circuitries, and sensory feedback pathways at different levels throughout the nervous system contribute to the changes in coherence. This is not surprising given the dynamic and rhythmic nature of gait, which will elicit rhythmic oscillations in all sensori-motor networks that contribute to the activation of the muscles. Brain imaging studies also confirm that sensory feedback mechanisms are responsible for a very significant part of the activation of cortical motor areas during locomotion (Christensen et al. 2000; Promjunyakul et al. 2015) and local inhibitory interneurons have been shown to modulate EEG-EMG coherence in a sustained isometric contraction (Matsuya et al. 2017) .
The increased oscillatory activity during visually guided walking may be related to a specific effect of visual information on corticospinal activity and thus reflect an increased contribution of corticospinal activity to the muscle activity during visually guided walking. This is consistent with findings in the cat showing directly that corticospinal neurons in the primary motor cortex increase their firing rate when the cat has to use visual information to place the paw carefully or when stepping over an obstacle (Amos et al. 1990; Drew 1993; Drew et al. 1996; Marple-Horvat and Armstrong 1999) . This is also in line with the observation that motor evoked The Physiological Society and the American Physiological Society potentials elicited by TMS of the primary motor cortex are increased during visually guided walking (Schubert et al. 1999) . Koenraadt et al. (2014) failed to find any differences in blood flow to the primary motor cortex during visually guided walking as compared to normal treadmill walking using near-infrared spectroscopy (Koenraadt et al. 2014 ). This is not surprising since the corticospinal neurons involved in generating corticomuscular (and intra-and intermuscular) coherence and motor evoked potentials to a given muscle constitute only a small proportion of the total number of neurons in the primary motor cortex. Increased beta coherence with increased attention has been observed for EEG-EMG coherence in a isometric holding task (Kristeva-Feige et al. 2002) . It is not clear how changes in attention related to the task of hitting the visual targets modulates the central common drive in this study and it cannot be ruled out that the change in attention play a role in the modulation of central common drive. Our observations are thereby directly relevant for improving gait performance during attention demanding tasks in patients with stroke and in elderly subjects (Mazaheri et al. 2014) . Adequate processing of visual information during gait is essential in order to navigate in a challenging terrain and circumvent obstacles in order to avoid falling (Patla and Greig 2006; Drew and Marigold 2015) . Gait training in neurological patients and elderly subjects therefore should not only involve simple treadmill training but also include specific training of the cognitive processing of visual information from the environment. Training which focuses specifically on visual attention and efficient cognitive processing of information from the environment during gait should be a central part of any rehabilitation program following brain lesion.
Conclusion
We have observed increased central common drive to motor units in the same muscle and in synergistic muscles during visually guided walking, which is in all likelihood related to increased corticomuscular coherence. This indicates an increased corticospinal involvement in visually guided walking compared to normal walking. Figure 6 . Coherence in early and late swing. Amount of TA-TA alpha (black), beta (light gray), and gamma coherence (dark gray) in the early (À650 to À350 ms) and late part of the swing phase (À350 to À50 ms) during normal and visually guided walking. Note that beta and gamma coherence was increased during visually guided walking in both early and late swing. TA, Tibialis anterior.
